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ABSTRACT 

We present 12 CO J = 2-1 line observations of G54. 1+0.3, a composite supernova remnant with a 
mid- infrared (MIR) loop surrounding the central pulsar wind nebula (PWN). We mapped an area of 
12' x 9' around the PWN and its associated MIR loop. We confirm two velocity components that had 
been proposed to be possibly interacting with the PWN/MIR-loop; the +53 km s _1 cloud that appears 
in contact with the eastern boundary of the PWN and the +23 km s _1 cloud that has CO emission 
coincident with the MIR loop. We have not found a direct evidence for the interaction in cither of these 
clouds. Instead, we detected an 5'-long arc-like cloud at +15 — (-23 km s _1 with a systematic velocity 
gradient of ^3 km s" 1 arcmin -1 and broad-line emitting CO gas having widths (FWHM) of ;$ 7 km 
s _1 in the western interior of the supernova remnant. We discuss their association with the supernova 
remnant. 

Key words : ISM: individual(G54.1+0.3) — ISM: molecules — radio lines: ISM — supernova remnants 



1. INTRODUCTION 

G54. 1+0.3 is a young, core-collapse supernova rem- 
nant (SNR). The remnant has a central PWN with a 
136 ms radio/X-ray pulsar (PSR J1930+1852) at the 
center of the nebula (Lu et al. 2002). The characteris- 
tic age of the pulsar is 2,900 yr. The remnant had been 
known as a Plerion or Crab- like SNR of 120" x 80" size 
because of the central PWN, but recently, a faint ra- 
dio emission with a diameter of ~ 10' surrounding the 
PWN has been detected by Lang et al. (2010), which 
was proposed to be the SNR shell driven by super- 
nova (SN) ejecta of G54. 1+0.3. Another evidence for 
the SNR shell was provided by Bocchino et al. (2010), 
who detected diffuse, thermal X-ray emission filling the 
radio shell. Therefore, G54. 1+0.3 is now one of the 
composite SNRs where we observe a central PWN sur- 
rounded by an extended SNR shell. The estimated dis- 
tances to the SNR range from 6 to 9 kpc (see § 4). 

In G54. 1+0.3, Koo et al. (2008) detected a MIR 
loop surrounding the central PWN. The loop is par- 
tially complete, and is elongated along the northwest- 
southeast direction. It has an extent of ~ 105" x 54" 
and surrounds the southern part of the PWN. There are 
eleven stellar sources with strong MIR excesses embed- 
ded in the loop. Koo et al. (2008) showed that they are 
OB-type stars and, based on their mid/far- infrared ex- 



cesses and spatial confinement in a loop-like structure 
surrounding the PWN, proposed that they are young 
stellar objects whose formation was triggered by the 
progenitor of the SNR. But later Temim et al. (2010) 
carried out Spitzer spectroscopy of the MIR shell, and 
detected dust emission with a bump at 21 /jm which 
was similar to the emission feature of freshly-formed SN 
dusts detected in the young SNR Cassiopeia A. This, 
together with broad ionic emission lines, led Temim et 
al. (2010) to propose a scenario where the stellar ob- 
jects are the members of a cluster that the progenitor 
belonged, and the IR emission comes from SN dusts. 
So there are two scenarios for the nature of the MIR 
loop and the stellar objects. 

In this paper, we present 12 CO J=2-l emission line 
observations of the IR loop and the surrounding area. 
The molecular environment is expected to be quite dif- 
ferent for the two scenarios, so that the observation will 
be useful in understanding the nature of the IR loop 
and the stellar sources. Koo et al. (2008) found that 
there was a faint 13 CO J = 1-0 emission coincident 
with the IR loop in the Boston-University-Five College 
Radio Astronomy Observatory Galactic Ring Survey 
(Jackson et al. 2006). They proposed that this molec- 
ular cloud could be associated with the SNR. On the 
other hand, Leahy et al. (2008), using the same survey 
data, found that there was a CO cloud that appears to 
be blocking the eastern boundary of the PWN and pro- 
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Fig. 1. — (top) Average 12 CO J = 2-1 spectrum over 
the observed 12' x 9' area. Overlaid at temperature offset 
of —0.25 K is the corresponding 13 CO J = 1-0 spectrum 
obtained from the FCRAO Galactic Ring Survey, (bottom) 
Relation between the distance and LSR velocity based on 
the rotation curve of Brand & Blitz (1993). 



posed that this cloud is interacting with the SNR. Both 
propositions are based on circumstantial evidence and 
the association needs further investigation. Recently 7- 
ray emission has been detected toward the PWN, which 
could be partly due to the decay of neutral pions pro- 
duced in the interactions of pulsar-accelerated nuclei 
with one of these molecular clouds (Li et al. 2010; Ac- 
ciari et al. 2010). Our observation, however, has not 
detected a direct evidence for the interaction of the 
PWN with either cloud. We present our observation in 
next sections. 

2. OBSERVATIONS 

12 CO J=2-l mapping observations of G54.1+0.3 
were done in February and March, 2008 using a 230 
GHz SIS mixer receiver (Lee 2008) newly installed on 
the 6-m telescope at Seoul Radio Astronomy Obser- 
vatory (SRAO). The new 210-265 GHz band receiver 
shows quantum-limited noise performance. It employs 
a RF and an IF quadrature hybrid for sideband re- 
jection and supports dual-polarization observation. At 
the time of initial operation, only single polarization 
mode was supported. The observation of G54.1+0.3 
was the first science observation after commissioning 
runs of the new receiver system. An autocorrelation 
spectrometer was configured to cover 100 MHz with 
2048 channels, which corresponds to 130 km s _1 veloc- 
ity coverage. The system temperature was 200-400 K 
and the typical rms noise level of the spectra is ~ 0.13 
K at 0.21 km s _1 velocity resolution. All the spectra 
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Fig. 2. 



2 CO J=2— 1 integrated intensity maps showing 



individual velocity components at ulsr > 15 km s . In- 
tegrated velocity ranges are marked on individual channel 
maps. Contour levels increase from 0.2 K km s _1 in 0.2 K 
km s _1 steps. The red contours show the 21-cm continuum 
brightness distribution of the central PWN of G54.1+0.3, 
while the blue contour shows the shape of the MIR shell 
at 70 /jm. The large red circle of radius 6/5 represents the 
outer boundary of the SNR blast wave (Lang et al. 2010; 
Bocchino et al. 2010). The pulsar PSR J1930+1852 is lo- 
cated at (a,5)j2ooo =(19 h 30 m 30M3,+18°52'l4".l). 



presented in this paper have been re-gridded to 0.21km 
s _1 velocity resolution to match the 13 CO J =1-0 data 
from the Galactic Ring Survey (Jackson et al. 2006). 
The main beam efficiency of the telescope r\ m b-, mea- 
sured using Mars, is about 0.51 at 230 GHz. We are 
using T m b = T^/?7 m b for temperature scale through- 
out this paper, if not otherwise stated. The mapped 
area is 12' x 9' around the remnant G54. 1+0.3, cen- 
tered at (a, (5) 2 ooo =(19 h 30 m 37.5 s ,+18°52'44"). The 
spectra were obtained at a grid spacing of 30". The 
beam size of the SRAO telescope at 230 GHz is 48". 
In the Galactic Ring Survey, 13 CO data were obtained 
at 22" grid spacing and beam width of 46". We have 
re-sampled the 13 CO data cube with 30" grid spacing 
using the Miriad data analysis package. 

3. RESULTS 

3.1 Overall Distribution of CO Gas 

Figure 1 shows the average spectrum of 12 CO J = 
2-1 over the observed region with corresponding 13 CO 
J = 1-0 spectrum obtained from the Galactic Ring Sur- 
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vey. Between vlsr — and 60 km s^ 1 distinct spectral 
components appear at 2, 8, 23, 32, 40 and 53 km s _1 in 
the 12 CO spectrum. In the bottom frame of the figure, 
we show the relation between the distance and LSR ve- 
locity according to the rotation curve of (Brand & Blitz 
1993) which is close to the flat rotation curve with Rq 
— 8.5 kpc and O© = 220 km s^ 1 . Note that there are 
two distances corresponding to a given positive LSR 
velocity, i.e., +23 km s" 1 component could be either 
at 1.8 kpc or at 8.2 kpc. The maximum LSR velocity 
at this Galactic longitude (54. °1) is about 43 km s _1 
according to this model. But there are observations 
suggesting that the maximum rotation velocity toward 
this Galactic longitude is somewhat higher than 220 
km s _1 (see Leahy et al. 2008, and references therein), 
so that the +53 km s _1 component might be near the 
tangential point which is 6.9 kpc assuming the above 
Galactocentric distance and Galactic rotational veloc- 
ity at the Sun. 

The integrated intensity maps at every 5-9 km s _1 
from 15 to 55 km s _1 are presented in Figure 2. At 
vlsr = 15-21 km s — 1 , there is a faint arc-like cloud 
elongated along the north-south direction in the west- 
ern side of the PWN. As will be shown below, this arc- 
like cloud (hereafter 'Arc Cloud') has a large line width 
and systematic velocity gradient along the cloud. At 
^lsr = 21-24 km s _1 , there is strong, extended emis- 
sion superposed on the PWN. It has a rather complex 
morphology with several peaks. Between vlsr. = 24 



and 43 km s _1 , CO clouds appear in the surround- 
ing area, i.e., in the western and southeastern areas at 
24-29 km s" 1 and 30-43 km s^ 1 , respectively. They 
are well separated from the PWN/IR-loop and extend 
beyond the SNR boundary, so that they are not consid- 
ered to be possibly associated with the PWN (see §3.2). 
At 45-60 km s _1 , there is another thick, arc-like cloud 
that appears in contact with the eastern boundary of 
the PWN. This is the cloud that was proposed to be in- 
teracting with the PWN by Leahy et al. (2008). In the 
below, we first investigate the properties of the +53 km 
s _1 component and then the +23 km s _1 component. 

3.2 +53 km s 1 Cloud 

Figure 3 shows channel maps of the +53 km s _1 
cloud where we overplot the contours of the 13 CO 1- 
emission at corresponding velocities. The cloud is 
composed of three clumps of a few arc-minute extents; 
the southern brightest one centered at 53.9 km s _1 , a 
faint middle one at 53.5 km s _1 , and the northern one 
of moderate brightness at 54.3 km s _1 . The northern 
one is superposed with another filamentary cloud in the 
northern area at slightly lower velocity (52.6 km s _1 ). 
As pointed out by Leahy et al. (2008), the PWN neb- 
ula is located in the middle where the cloud appears 
to kink. But we do not see any indication of the in- 
teraction in the line profiles of this cloud (Figure 4). 
The ratio 12 CO(2-1)/ 13 CO(1-0) (= R 2 i/w)~ 5 which 
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Fig. 4. — Average 12 CO J =2-1 (solid) and 13 CO J =1- 
spectra (dotted) of (a) the 53 km s~ cloud and (b) the 
diffuse broad line emission in the eastern area of the cloud. 



is a typical value for a calm molecular cloud (e.g., see 
Sakamoto et al. 1994). 

An interesting feature is the weak (~ 1 K) emis- 
sion between 45 and 55 km s _1 in the eastern area of 
the +53 km s _1 cloud. As shown in Figure 4, the CO 
line profiles are broad (~ 10 km s -1 ) although there 
seems to be more than one component. It extends be- 
yond the eastern boundary of the our mapping area, 
so that we could not see its full extent. The associa- 
tion of this broad emission with the +53 km s _1 cloud 
is not clear because the two clouds are connected by 
faint emission in the middle. Since the radio boundary 
of the G54. 1+0.3 SNR appears quite circular and the 
broad emission extends beyond the boundary, we con- 
sider that this component is not related to the SNR. 
(The radio filaments outside the SNR shell shown in 
Figure 4 of Lang et al. (2010) are believed to be be- 
long to a much larger-scale structure. See Figures 1-2 
of Leahy et al. (2008).) Instead there is a star- forming 
infrared filament in the Spitzer MIPS 24 /im image that 
is spatially coincident with the broad CO emission as 
well as the 30-38 km s" 1 CO emission in Figure 2, and 
we suspect that the broad CO emission is associated 
with this filament. 



3.3 +23 km s 1 Clouds 

The 12 CO emission structure of the 23 km s _1 cloud 
shown in Figure 5 is rather complicated, and it is help- 
ful to look at the 13 CO map first. In Figure 6, we 
show i?2i/io ratio map with the 13 CO intensity con- 
tours overlaid. The ratios are derived in each chan- 
nel for the pixels with T m (, t i3 > 0.35 K which cor- 
responds to 5cr level. Note that the ratios are small 
where 13 CO emission is strong. It becomes less than 1 
at 13 CO peaks. This is an indication of self- absorption 
by a relatively cold CO gas in front of warmer CO gas. 
The self-absorption is also apparent in the line pro- 
files where we see a dip or a plateau in the 12 CO pro- 
files at which the 13 CO intensity has maximum (Fig. 
7). According to the 13 CO intensity contour maps, 
the 13 CO cloud at +23 km s _1 is elongated along the 
northeast-southwest direction and is composed of sev- 
eral clumps. The clump that is spatially coincides with 
the PWN/IR-loop is the one in the southwestern end 
of the cloud. Its central velocity is 22.7 km s _1 , which 
is slightly smaller than those of the other clumps in 
the cloud. The median velocity of the 13 CO cloud is 
23.0 + 0.2 km s" 1 . 

The morphology of the +23 km s _1 12 CO cloud is 
now understandable. At 22.5-23.1 km s _1 , where the 
cloud is most apparent, the cloud has a 't' shape, and 
the 13 CO emission fits into the weak inner part of this 
structure. Therefore, the weak 12 CO emission in the 
interior of V shape should be mainly due to the ab- 
sorption by the 13 CO cloud. The self-absorption can be 
seen either when a cold CO cloud with high CO opacity 
but low excitation temperature is in front of warm CO 
gas further away, e.g., a cold cloud at 1.8 kpc aligned 
with a warm cloud at 8.2 kpc, or when a CO cloud has 
a temperature gradient along the line of sight. It is not 
unusual to see the self-absorption features in molecular 
clouds in the Galactic plane (e.g., Bieging et al. 2010). 
Considering the small angular sizes of the 12 CO and 
13 CO clouds, the probability of a chance alignment of 
two clouds along the line of sight might be low. On the 
other hand, the self-absorption is prominent only to the 
eastern part of the 12 CO cloud, which suggests that the 
absorbing 13 CO cloud could be distinct from the 12 CO 
cloud. But this could be due to the temperature and 
density structure of the cloud. In order to quantita- 
tively understand the self-absorption features, we need 
to solve the radiative transfer equation together with 
statistical rate equations, which is beyond the scope of 
this paper. 

The PWN/IR-loop spatially coincides with the south- 
ern part of the +23 km s _1 cloud. There is no obvious 
indication of dynamical disruption in the line profile 
(see Fig. 8). There is a wing- like structure at high ve- 
locities (23-25 km s _1 ), but this is likely due to other 
clouds in this area although it needs to be confirmed 
with an observation of higher angular resolution. But 
in the western part of the field, there are 12 CO emis- 
sions with considerably large line widths, which are dis- 
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Fig. 5. — Same as Fig. 3, but for the +23 km s -1 cloud. 12 CO contour levels increase from 0.4 K in 0.4 K steps. 



cussed in the next section. 

3.4 Arc Cloud and Broad Line Molecular Gas 
at 15 30 km s 

A distinct structure in the observed field is Arc 
Cloud seen in Figure 2 at velocities between 15 and 23 
km s _1 as an elongated cloud stretching over 5' along 
the northeast-southwest direction. Along the struc- 
ture, the 12 CO line profiles have large line widths and 
their central velocities vary systematically as shown in 
Figures 9 and 10 which are the plot of spectra and 
position- velocity diagram along the arc structure. The 
systematic variation of the central velocity is clear; the 
velocity increases from 15 km s _1 at the both ends of 



Arc Cloud to 23 km s _1 at the middle point where 
the northern and southern arc structure merge. The 
velocity gradient is ~ 8 km s _1 over 150" from the 
middle to the north and south ends. At a distance of 8 
kpc, it corresponds to ~ 1.4 km s _1 pc -1 . The derived 
properties of Arc Cloud are summarized in Table 1. 
Velocity range is chosen as 15-22 km s _1 to get the 
integrated intensity in Table 1 since the main cloud, 
some of which may not belong to Arc Cloud, starts to 
appear at > 22 km s^ 1 . T m b less than 0.4 K (several 
a level) was clipped out in the integration. 

In addition to Arc Cloud, there are other broad lines 
at higher velocities in the northwestern area of the field. 
This can be seen, for example, in the line profiles of 
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Fig. 6. — 12 CO(2-1)/ 13 CO(1-0) ratio maps (grey scale) 
corresponding to the same channels in Fig. 5. The over- 
laid contours represent the 13 CO intensities. The contours 
increase from 0.4 K in every 0.2 K steps. 



the northern part of Arc Cloud in Figure 9, but some 
representative line profiles are shown in Figure 11. In 
order to investigate the nature of the broad line emis- 
sion, we fit the line profiles with 2 Gaussian compo- 
nents. Some profiles, i.e., the profiles with both the 
blue-shifted and red-shifted broad components, need 
three Gaussian components to describe the profiles cor- 
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Fig. 7. — 12 CO J =2-l(solid) and 13 CO J =1-0 line pro- 
files at positions where the self-absorption features are ap- 
parent. The positions of the spectra are marked in each 
frame with respect to (19 h 30 m 35.4 s ,+18° 52' 14 ). 
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Fig. 8. — Average 12 CO J =2-1 (solid) and 13 CO J =1-0 
line profiles toward the position of the MIR loop. 
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2 CO J=2-l spectra along the (a) northern and 



(b) southern parts of Arc Cloud at every 30" in declination. 
Note the broad-line component shifting systematically in 
velocity. Relative coordinates in arc-seconds from the map 
center are indicated in parentheses. The position angle in 
(a) is 45° at the position of the bottom spectrum. Each 
spectrum is plotted with 2 K temperature offset. The ver- 
tical dashed lines are drawn just for velocity reference. 



rectly. But the two-component fit should be useful 
to see the basic properties of the broad components. 
We used MPFIT, which is a least-squares fitting tool 
based on the Levenberg-Marquardt algorithm (Mark- 
wardt 2009). In the fit, we leave the height, central 
velocity, and the width of individual components free 
with reasonable lower and upper boundaries. 
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Table 1. 

12 CO J =2-1 Line Properties of Arc Cloud 



10 20 
velocity (km/s) 

Fig. 10. — Position-velocity diagram at the offset posi- 
tion (Act, A5)= (-230 ,0 ) sliced in the position angle of 20 
degrees. Contour levels increase from 0.4 K in 0.2 K steps. 
In order to show Arc Cloud clearly cutting position and 
angle are chosen dissimilar to Fig. 9. The southern part is 
brighter and more complex than the northern part. 



Figure 12 shows the distributions of the height, cen- 
tral velocity, and width of the two Gaussian compo- 
nents. The height map of the first (narrow) component 
shows the morphology of the 23 km s _1 component 
nicely. The second component represents the broad- 
line component, and its maps show that the broad-line 
component is confined to the western part of the field. 
In the central velocity map, we can identify Arc Cloud 
that has a velocity gradient that we described above. 
The broad-lines at higher velocities appear mainly to 
the western side of Arc Cloud. The very large width 
at the tip of the arc-like cloud indicates that, at those 
pixels, both blue-shifted and red-shifted velocity com- 
ponents appear (see Fig. 11). Figure 13 plots the line 
width versus central velocity of the two Gaussian com- 
ponents. The black dots confined to the central velocity 
of 23 km s" 1 and a width (FWHM) of 1.4 km s^ 1 rep- 
resents the first Gaussian component, or the +23 km 
s^ 1 cloud component. The red dots represent the sec- 
ond Gaussian component, or the broad component, and 
they are scattered over the plane. The points with cen- 
tral velocities less than 20 km s _1 might be from Arc 
Cloud while the points with widths greater than 7-8 
km s" 1 have both red-shifted and blue-shifted broad 
components. Figure 13 shows that the broad lines in 
the western part of Arc Cloud have central velocities 
of 20-26 km s" 1 and widths of 2-7 km s" 1 . 
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Velocity range 
Velocity gradient 
Au(FWHM) 
Peak temperature 
/ T mb dv 



(19' l 30 m 19 s ,+18 o 52'l4") 
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~ 3 km s _1 arcmin -1 
3.6 km s" 1 -4.5 km s" 1 
< 1 K 
- 242 K km s- 1 




15 20 25 
v LSR (km s"') 

Fig. 11. — Some representative spectra showing broad 
line features. Their positions are marked in Fig. 12. The 
spectra at the bottom of each frame are the corresponding 
GRS 13 CO J=l-0 spectra with -0.8 K offsets. 



4. Discussion and Conclusion 

It has been previously proposed that the +23 km 
s _1 and +53 km s -1 molecular clouds are possibly as- 
sociated with the SNR by Koo et al. (2008) and Leahy 
et al. (2008), respectively. They inspected the FCRAO 
13 CO survey data and found that those clouds have 
spatial correlation with the PWN, which led them to 
propose the association although there is no direct ev- 
idence for the interaction. Our 12 CO J— 2-1 map con- 
firms the spatial correlation. The +23 km s _1 com- 
ponent spatially coincides with the IR shell while the 
53 km s _1 component appears to be in contact with 
the eastern boundary of the PWN. The kinematic dis- 
tances to these clouds are 1.8/8.2 kpc and 6.9 kpc, re- 
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Fig. 12. — Distribution of the parameters of two Gaussian 
components describing the line profiles between vlsr = 20 
and 28 km s _1 . The left column shows peak tempera- 
tures, central velocities, and line widths of narrow com- 
ponent while the right column shows the same plots for the 
broad lines. The positions of the spectra shown in Fig. 11 
are marked in the top right panel. 



spectively. The distance to G54. 1+0.3 has previously 
been determined in several studies. The distance based 
on HI absorption spectrum is from 5 to 10 kpc (Koo et 
al. 2008; Leahy et al. 2008), and the free-electron den- 
sity/distance model (Cordes & Lazio 2002) gives the 
distance of 9±{^ kpc to the PSR J1930+1852 at the 
center of the PWN from its dispersion measure (Camilo 
et al. 2002). Recently, Kim et al. (2012) derived a dis- 
tance of 6.0 ± 0.4 kpc to the IR-excess stellar objects 
from a spectro-photometric study. Therefore, the esti- 
mated distance to the SNR ranges from 5 to 9 kpc, and 
in principle either of the cloud can be associated with 
the SNR. 

The +53 km s _1 cloud is composed of several arc- 
minute-sized clumps forming a kink-shaped structure 
(Fig. 3). The PWN is located in the middle where 
the cloud appears to kink. The spatial correlation is 
suggestive for the interaction as pointed out by Leahy 
et al. (2008). But we do not see any direct evidence of 
the interaction; its 12 CO J =2-1 line profiles are well 
described by a single Gaussian with velocity widths 
(FWHM) of 1.5-2.0 km s -1 . It is difficult to imagine a 
molecular cloud right at the SN explosion site but not 
disrupted. Also, the PWN shows no indication that 
it had encountered a dense medium only in the east; 
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Fig. 13. — Line width vs. central velocity of the two 
Gaussian components in Fig. 12. The narrow components 
(black dots) are confined to a small area with a central 
velocity of 23.1+0.24 km s _1 and a median width of 0.58 
km s _1 . On the other hand, the broad component(red dots) 
are scattered over a large area with a central velocity of 
21.8 ± 6.2 km s _1 and a median width of 2.1 km s _1 . The 
areas of the circles are proportional to their heights. 



its radio structure has a east-west symmetry. There- 
fore, we consider that the association of the +53 km 
s _1 cloud with the PWN is not likely. There is weak 
(~ 1 K) diffuse emission with broad lines at compa- 
rable velocities in the eastern area of the cloud. The 
association of this diffuse component with the +53 km 
s _1 cloud is uncertain. But since it extends beyond 
the radio boundary of the SNR, it is not likely that 
this component is associated with the SNR. 

The 23 km s _1 cloud has a complex structure 
with pronounced self-absorption features. The self- 
absorption could be either due to a foreground cold 
CO cloud along the line of sight or due to a tempera- 
ture gradient in the cloud. The entire cloud structure 
is large (~ 10') and again it is not likely that this cloud 
is associated with the SNR. There is a small clump in 
the southwestern end of the cloud that coincides with 
the MIR loop (Koo et al. 2008) at ~ 22 km s _1 (see 
Fig. 5). It is not impossible that this clump is spatially 
separate from the +23 km s _1 cloud, but there is no 
obvious indication of dynamical disruption in its line 
profile. 

A distinct structure detected in this study is Arc 
Cloud in the west of the PWN at velocities between 15 
and 23 km s _1 . The cloud is 5' long and has a large line 
width. The central velocity increases from both ends 
of the cloud to the middle point systematically. The 
velocity at the end of the arc cloud is 15 km s _1 , so 
that the velocity shift from the middle (+23 km s _1 ) is 
~ 8 km s _1 . There are also other broad lines at higher 
velocities in the west of Arc Cloud. The association of 
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this broad line emission with Arc Cloud is possible. It is 
interesting to note that the radio brightness of the SNR 
is relatively faint in its western part where these arc-like 
cloud and the broad-line clouds are located (see Fig. 4 
of Lang et al. 2010). The SNR shock of G54.1+0.3 is 
currently expanding at ~ 2, 000 km s _1 and the density 
of the ambient medium is ~ 0.2 cm~ 3 (Bocchino et al. 
2010). If a dense molecular cloud is swept-up by this 
shock wave, the shock speed will drop by the square 
root of the density contrast. Therefore, Arc Cloud and 
the broad-line cloud could have been produced by the 
SNR shock if they were recently swept-up and if their 
densities were ~ 10 4 cm~ 3 . However in this part of the 
sky, there is a large star-forming molecular cloud near 
the Galactic plane at the same LSR velocity, but at a 
distance of 2 kpc. It is possible that the cloud that we 
observe is part of this cloud system. A further study is 
required to investigate their association. 

In conclusion, we could not detect any direct evi- 
dence for the interaction of either the +53 or +23 km 
s _1 cloud with the SNR from our CO J =2-1 line obser- 
vations. Instead we have detected molecular gas with 
broad lines and with systematic velocity structure at 
Vlsr =15-30 km s _1 to the west of the IR loop but 
inside the SNR. Their association with the SNR needs 
to be investigated with further observations. 
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